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Summary

High performance liquid chromatography (HPLC) identifies compounds in a sample
and quantifies their concentration. The instrument consists of an injector that intro-
duces a uL sample to a mobile phase that carries the analytes across a column filled

Correspondence with an adsorbing substance. The analytes adsorb and desorb at different rates as
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they flow down the column and are thereby separated. Detectors record a signal pro-
alma.schieppati @polymtl.ca portional to the concentration of the analyte in the mobile phase. Laboratories apply
modern HPLC systems for research and development, quality control, safety, and val-

idation. Academia and industry resort to HPLC to purify, identify, and characterize

icl

a wide variety of molecules at all stages of a process. Developing an HPLC analyt-
ical method is a long and laborious process requiring standards, calibration curves,
derivatization, and multiple tests to identify an appropriate column, stationary phase,
flow rate, temperature, and mobile phase. Optimal operating conditions maintain a
good resolution (high signal-to-noise ratio and low peak overlap) while minimizing
analysis time. Web of Science Core Collection indexed 8900 articles in 2019, which
is relatively few compared to X-ray and scanning electron microscopy. However, it is
such an ubiquitous technique and we estimate that the number of articles that report it
in the experimental section is an order of magnitude higher. The bibliometric analysis
of the keywords identified 4 research clusters: phenolics and flavonoids, extraction
and pharmacokinetics, in vitro and oxidative stress, and optimization. Here, we detail

a walkthrough for the basic steps required to develop a chromatographic method.
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| INTRODUCTION

and separates the mixture of acids. The 1970s were a turning
point in liquid chromatographic technology. Various compa-
nies developed pressurized systems and columns containing
small particles (from 10 microm-5um) capable of rapid and
accurate separations. ! With close to 60 000 articles that men-

ccepted Art

n 1903, the botanist M.S. Tswett poured plant pigment and
solvent into a glass cylinder packed with fine powder (silica,
halk).['-3] The pigments adsorbed and desorbed at different

A

rates so that the compounds eluted from the column separately.
In 1944, Consden, Gordon, and Martin introduced paper chro-
matography. Their method deposits amino acids at the base of
a strip of paper; capillary action migrates the solvent upwards

tion high performance liquid chromatography (HPLC) in 2019,
it is one of the most common techniques for routine product
analysis. !

Liquid chromatography separates, identifies, and quanti-
fies multiple components in a mixture.!®’ In modern HPLC
systems, pump-pressurized solvent(s) (mobile phase) elutes a
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sample through an adsorbent-material-filled column (station-
ary phase), sweeping the analytes from inlet to outlet and
across a detector. HPLC software processes the response of the
detector and generates a chromatogram, that is, a plot of signal
intensity versus retention/elution time (Figure|[T).
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This technique relies on the physical interaction of analytes

with the stationary phase that retains then elutes each species

t different rates. When analytes’ retention and elution rates

are the same, the peaks are indistinguishable (unresolved).

e select columns (stationary phase), mobile phases (gradi-

ents), temperature (ramp), and velocity to resolve the peak of

each analyte (separating them in time). Compounds adsorb to

®the stationary phase due to ionic bonding (electrostatic inter-

ctions); hydrogen bonding; ion-dipole, dipole-dipole (orien-

tation forces), dipole-induced dipole (induction forces), and

muced dipole-instantaneous dipole (dispersion forces) inter-
actions; z-z interactions; and hydrophobic interactions.

Depending on the strength of these interactions, the station-

ary phase retains analytes rather than allowing them to travel

ith the mobile phase and elute more or less rapidly with time.

The retention factor or capacity factor, (k;), is the ratio of the

Oime compounds elute from the column, ¢; versus a reference
ompound that elutes at , !

k= ()

Ty

In other words, k; represents the time the stationary phase

retains a compound versus the time it would have eluted if

it had no affinity. Analytes that have a higher affinity for the

mobile phase (low k;) elute more rapidly than those strongly

retained by the stationary phase (high k;). As a consequence,

analytes that adsorb and elute at distinct rates flow through the

column at different velocities. The flow rate of the analyte (i;)

is directly proportional to the flow rate of the mobile phase
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(ify) and inversely proportional to k;, according to Nerst’s
distribution law (Equation @)):

_ Uy
= 2
YT Tk @
When molecules elute from the column they experience ran-

dom events: molecular collisions, mass transfer from boundary
layers, transport down the column, eddies, pore diffusion, and
wall effects. The sum of these events yields a symmetrical
distribution (Gaussian) of flow rates around the mean value
U;. Stationary and mobile phase composition, flow rate, detec-
tion, and temperature (or ramp) are factors we test to minimize
the run time while maintaining a high resolution (separated
peaks). The nature of the analytes dictates the column type,
mobile phase, and detector. 8 HPLC’s universal applicability
stems from a plethora of commercially available columns and
materials, and yet finding the right method is elusive.

2 | THEORY

In the following sections, we discuss the tailoring of two pil-
lars (the stationary phase and the mobile phase) to enhance
resolution.

Resolution (R) characterizes the separation between the
peaks of components i + 1 and i. For symmetrical peaks, R is
the difference in retention time (g ;,, and 7y ) with respect to
the average width of the peaks (W, ; , and W, , at half the
peak height) l:

R=1177— Rt ~IRi 3)

Wi+ Wiain

R increases with the difference in peak retention time and/or
when peaks are narrow. In quantitative analyses, the signal
between two peaks returns to the baseline (baseline resolution).
This ensures complete recovery of each analyte.!®l Selectiv-
ity and separation efficiency are the fulcrums of an accurate
chromatographic method.

2.1 | Stationary phase: Column

The column is the heart of the HPLC and we select it based on
the physico-chemical properties of the adsorbent and the ana-
lyte. The stationary phase separates molecules depending on
their affinity for its functional groups (Table [I). ™ The first-
developed packed columns were inefficient. To improve the
resolution for multi-component systems, researchers coated
the surface of the column and then derivatized it to minimize
column bleeding (dissolution of the active components), and
imbue characteristics such as ionic charge, hydrophilicty, or
hydrophobicity.

Each technique has its own specificity. For example, normal-
phase columns, with polar packings, separate polar molecules
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TABLE 1 Modes of chromatographic separation and their
associated functional groups

Chromatographic mode  Functional groups

Normal phase Silica
Amino propyl
Cyano
Reversed phase Butyl (C4)
Octyl (C8)

Octadecyl (ODS, C18)
Diethylaminoethanol (DEAE)
Polyethyleneimine (PEI)
Quaternaryaminoethyl (QAE)

d) Anion exchange

Cationic exchange Carboxymethyl (CM)
O Sulfopropyl (SP)
Size exclusion Glycerylpropylsilane
o H
Divinylbenzene (DVB)
H Hydrophobic interaction ~ Propyl (C3)
H Phenyl

<with the aid of non polar mobile phases. Reverse phase-HPLC

(RP) columns, on the other hand, contain a non-polar station-

ary phase and a polar mobile phase. They elute non-polar or

@'ﬂildly polar organic analytes. Proteins require an alternative

method; they denature in acetonitrile or methanol and produce

Uactitious peaks or clog the column.

Ion-exchange columns separate anionic or cationic com-

Hpounds.““ Size-exclusion chromatography (SEC) separates

molecules by relative size, shape, hydrodynamic volume, and

%sityﬁm The former separates phosphorylated proteins

from their non-phosphorylated forms while the latter is better
Osuited to separate aggregates from protein monomers, 31141

Once the chemistry of the separation is established, we

xcogitate the physical properties of the filling: particles

size, porosity, and pore diameter. The particle size of com-

on HPLC columns ranges from 2 microm-10 um. ! Spher-

ical packings are 1.5-2 times more efficient than irregular

nes. 1218 They ensure uniform paths of flow and minimize

iffusion, thus reducing band broadening. ™! Particle diame-

ers of 3 um and 5 um provide the best resolution. Ultra HPLC

(UHPLC) packings feature diameters smaller than 2 pm for

more specialized separations. Smaller packing-particle diam-

eters increase efficiency and resolution (narrower peak width)

and withstand faster flow rates with minimal loss in resolu-
tion. 181 However, they are more clog-prone because pressure
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drop (AP) increases with the inverse of the square of the par-
ticle diameter (dpz) (Equation) and the back pressures are
appreciable:

AP = —1502ng )

p c

where, u is the viscosity of the mobile phase, Q is the flow rate
of the mobile phase, L is the column length, and Dc2 is the
column diameter.

Aside from bead size, the material of the stationary phase
affects selectivity, which has a greater impact on resolution
than the particle diameter. Well-known materials include sil-
ica, hydroxyapatite, and polymeric resins. Ideally, the sta-
tionary phase’s composition is similar to the molecule(s) in
question. Common hydrophobic alkyl chains come in differ-
ent lengths (e.g., C4, C8, and C18), and each has a different
selectivity towards the analyte. C18 alky-based phases are
the gold standard for RP-HPLC. They are popular for sepa-
rating peptides or small molecules, while C4 is better suited
for proteins. 2! Phenyl-type stationary phases promote charge
transfer via # — & interactions. The hydrogen bonding capac-
ity of biphenyl phases is higher than a standard C18.1201 A
new silica-based material called superficially porous particles
(SPPs or core-shell particles) achieves the same resolution of
a normal sub 2 um material but it operates at 32 % lower back
pressure. 121/

Porosity and pore diameter also play a role in determining
chromatographic-column efficiency. The diameter and quan-
tity of pores affect band broadening and loading capacity. Non-
porous packings prevent stagnation of the mobile phase within
pores and ensure better mass transfer, thus avoiding band
broadening.® On the other hand, pore deficiency decreases
surface area and loading capacity. Pore diameter and surface
area are inversely proportional (Table [Z). Molecules possess-
ing identical diameters as the pores hinder diffusion. Pores
with slightly larger diameters than the solute ensure maximal
column loading. The ideal pore size should be at least 4-10
times the hydrodynamic diameter of the analyte. However, the
optimal analyte-radius to pore-radius (a/r) ratio specifically
depends on the analyte nature and analysis conditions. 12!

TABLE 2 Effect of pore diameter on surface area !

Pore diameter  Surface area

(nm) (m*g™")
10 250
30 100
100 20
400 5-10
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Column lengths are sample and separation methodology
dependent; longer ones have higher separation efficiencies but
at the cost of analysis time. In addition, back pressure restricts
their total practicable length. Therefore, column lengths that
balance resolution and analysis time are optimal. Normal phase
and reverse phase HPLCs operate best with lengths of 50 mm-
250 mm, whereas 300 mm is best for SEC.

2.2 | Mobile phase: Retention and selectivity

The column chosen for the separation process determines the
ecessary mobile phase. In RP-HPLC, the mobile phase must
be polar in order to separate analytes in the nonpolar stationary
hase. Polar solutes prefer polar mobile phases; the columns
Oquickly release them (smaller k). However, non-polar solutes
interact preferentially with the solid material, which readily
o Hretains them (larger k). For example, resorcinol has a dipole
Hnoment of 2.07 D and elutes faster than vanillin, which has a

dipole moment of 1.74 D (Figure [2)). 2324
Often, the mobile phase is a mixture of solvents. These
ixtures, whether organic or inorganic, ensure efficient sepa-
ration (acceptable retention and selectivity). Initially, an HPLC
ethod for an unknown sample may yield useless chro-
matograms despite a suitable stationary phase. In this case,
odify the composition of the mobile phase to modulate its
olarity and adjust k. Generally, a polar mobile phase contains
an organic (e.g., acetonitrile, methanol) and inorganic solvent
O(e.g., water). The percentage of organic solvent influences k;
| A low percentage yields successful separations. The nature of
the organic solvent, on the other hand, affects the selectivity

or the analytes.

olute retention varies with pH when its value is +1.5 units
rom the solute’s pK .2 Otherwise, pH’s effect on separation
selectivity is null. pH change in the mobile phase increases
olute ionization and elution rate. Fine tuning the pH is essen-
tial when it comes to developing a method for ionic com-
< rounds, particularly in RP-HPLC where ionized species elute
before neutral species. If the pH of the mobile phase changes
ith time, the results will be inconsistent. We recommend
adding a buffer to the mobile phase to maintain a constant pH.
uffers are composed of a weak acid (or weak base) and its
conjugate base (or acid) in at least 50 % aqueous solution. This
pair exists in equilibrium and shifts accordingly to preserve the
same pH when an acid or base is added. The selected buffer
should have a pH with at least 2 units difference from the pK,
of the analyte. Otherwise, peaks might split or present shoul-
ders. If the analyte is acidic, it will elute in the ionic form only
if the pH of the mobile phase is above its pK,. In contrast, if
the analyte is basic, it will elute in the ionic form if the mobile
phase’s pH is lower than its pK,. When working with mix-
tures of analytes, it is desirable to work at a pH at which all the
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compounds exist in the same form, either ionic or not. In RP-
HPLC, acids separate better in the neutral form and bases in
the charged form. Popular buffers for UV detectors are acetate
and phosphate because of their low cut-off wavelengths (below
220 nm).

In addition to pH, additives and salts in the mobile phase
alter the cut off wavelength (see Section [3.I} Ultraviolet-
visible). Impure HPLC produce background
absorbance and baseline drift. 2220l Furthermore, we do not
advise introducing minerals into MS (mass spectrometry)
detectors because they present volatility issues. Acceptable
volatile buffers are ammonium salts (e.g., ammonium acetate,
ammonium citrate, ammonium formate). Acetic acid and
formic acid act as modifiers rather than buffers, but they often
control the pH as well as ionization in MS systems (Table 3).

solvents

TABLE 3 Common buffers for high performance liquid chro-
matography (HPLC) 8271

Buffer pH range MS compatible
Acetate 3.8-5.8 as ammonium salt
Ammonium formate 2.7-4.7 YES
Ammonium bicarbonate 6.6-8.6 YES
Borate 8.3-10.3 YES
Citrate (pK,) 2.14.1 NO
Citrate (pK,) 3.7-5.7 NO
Citrate (pK3) 44-6.4 NO
Formic acid (0.1 %) 2.7 YES
Phosphate (pK,) 1.1-3.1 NO
Phosphate (pK,) 6.2-8.2 NO
Phosphate (pK5) 11.3-13.3 NO
Phosphoric acid (0.1 %) 2.0 NO

TFA (0.1 %) 2.0 YES

Low mobile phase flow rates maximize resolution. 23 How-
ever, when the flow rate is too low, peaks broaden.l2! A
balance between column type (length and particle size) and
peak capacity ensures an ideal flow rate; column product data
sheets indicate this flow rate. For example, a 250 mm long,
4.6 mm diameter RP-HPLC column’s optimal mobile phase
velocity is 1 mL min~!. In addition, an ultrasonic bath removes
air bubbles from the mobile phase and prevents baseline drift,
disturbance at void time, and signal noise; a back-pressure
regulator, installed on the detector, has a similar function.

2.3 | Temperature

Increasing the temperature in HPLC has a similar effect as
small particle packings. At ambient temperature, columns
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reach the upper pressure limit of the chromatographic system

because of high backpressure and mobile phase flow rates.

Increasing temperature reduces analysis time and enhances

resolution, efficiency, and selectivity. The viscosity of the

mobile phase decreases with increasing temperature reducing

flow resistance and thus backpressure. Viscosities lower than

0.001 Pas and temperatures higher than 40 °C promote diffu-

sion, creating tall and narrow peaks. A temperature increase

from 25 °C-50 °C narrowed the peak of vanillin by 19 % and

the peak of resorcinol by 17 %. The peak heights increased

by 22.5 % and 20.5 %, respectively (Figure [2). Moreover, RP-

G)HPLC operation at > 40 °C reduces the amount of organic sol-

vent. For example, a 5 °C increase corresponds to a 1 % change
sty acetonitrile in RP-HPLC with C18-silica packings. B0

However, high temperature adversely affects analyte sta-

Obility. Biological samples are sensitive to heat. Hormones,

° Hsuch as cortisol and testosterone, degrade above 37 °C.1l

| )Above 45 °C, proteins undergo conformational changes; on

the plus side it could cause a narrowing of the peaks and

increased symmetry, or, on the negative side, loss of sol-

bility and subsequent aggregation of the macromolecules,

which clogs columns.?! Moreover, most LC columns should

ot operate above 60°C-70°C for long periods of time. At

temperatures above 80 °C, the backbone of silica-based sta-

tionary phases decomposes, that is, the column bleeds. 3

@evertheless, Macko et al separated atactic and syndiotac-

tic polypropylene at 160 °C with a porous graphitic carbon
@tationary phase. 33
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FIGURE 2 Chromatogram of a 10uL aqueous solution
of vanillin (12pgg™") and resorcinol (12ugg™') with a
Microsorb MV 100-5 C18 (250 mm X 4.6 mm) column and
water/methanol (60:40) at 1mLmin~!. Photo-diode array
detectors (DAD) detection at 230 nm
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3 | DETECTORS

Detectors generate an electrical signal proportional to the con-
centration of the molecule; they are responsible for the quali-
fication and quantification of the analytes after separation. An
ideal detector generates a linear response with concentration
without contributing to band spreading, is non-destructive, is
responsive to analytes across the entire concentration gradi-
ent of the samples, and maintains a zero baseline. Current
detectors achieve most of these criteria. Detection modes have
specific selectivity and sensitivity and we choose detectors
based on the nature of the analyte and chromatographic method
(Table[d). For example, some analytes are detectable only after
derivatization. 3471

TABLE 4 Modes of detection for HPLC

Detector Response  Application
UV-Vis Selective  Pharmaceuticals
RI Universal ~Carbohydrates, alcohols,
fatty acids, hydrocarbons
MS Universal Biomolecules
MW determination
Structure determination
Pharmacokinetic studies
Light scattering  Universal Polymers
MW determination
Fluorescence Selective ~ Aromatics
Radioactivity Selective  Pharmacokinetic studies
Electrochemical Selective  Biological metabolites
3.1 | Ultraviolet-visible

UV-Vis irradiates UV light at selected wavelengths in a glass
flow cell where the eluted sample enters. If the analyte contains
chromophore(s), it absorbs part of the irradiated UV light!%l;
the detector registers a lower radiation intensity in the presence
of the analyte as opposed to the pure mobile phase. The Beer-
Lambert law states that the absorbance of a molecule is directly
proportional to its concentration and molar absorptivity (e).
€ is molecule-specific and depends on structure and detection
wavelength.

Photo-diode array detectors (DAD) simultaneously record a
large interval of wavelengths (entire spectrum) and generate
a three-dimensional graph (absorbance vs. time vs. wave-
length). DAD is more informative and less time consuming
than monochromatic (single wavelength) detection. 8!
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UV-Vis is sensitive (107! g-10712¢) and selective for
molecules that absorb between 190 nm-750 nm. Despite the
low background noise for common HPLC solvents, there is
a minimum working wavelength for mobile-phase absorp-
tion dubbed the cut off A.,. This detection mode best suits
molecules with aromatic rings as they absorb well in the
UV-Vis range. #2401 The industry of fine chemicals (i.e., phar-

maceuticals, proteins, peptides, and plant extracts) relies on
it A2

2

Refractive index (RI) detectors compare the refractive index

(n) of the mobile-phase containing analyte (flowing in the sam-
O)le cell) to the pure mobile phase (flowing in the reference
cell). The greater the An between the sample and mobile phase,

1 d he larger the imbalance between them and the higher the sen-
itivity of the detector. The sensitivity of RI detectors is in the

ange of mg L~!. 12! RI is meant for isocratic separations; it does
ot compensate for baseline changes caused by variations in
he composition of the mobile-phase. RI detectors identify all

Refractive index

analytes except those with a similar RI as the solvent. In com-

lex mixtures, analytes may cover a wide range of n values,

some close to the mobile phase rendering them invisible to the

etector. This technique is for molecules that are transparent

o UV-Vis, that is, carbohydrates (fructose and glucose) and

hydrocarbons. The RI detector should be continuously active to

inimize temperature and pressure variations, which decrease

Hensitivity and prompt baseline noise or ripples. Hand-mixed

mobile phases yield flatter baselines than instrument-mixed
olvents.

Q)S.S | Mass spectrometry

O\/lass spectrometry (MS) is highly selective and suitable for
ionizable compounds.#3l Molecules gain or lose a proton in

ts ionization interface. The mass analyzer captures ions and
hen generates, sorts, and resolves signals that are proportional
o their mass-to-charge ratios (m/z). The limit of detection
(LOD) is in the order of pico-moles and supports molar masses
ven above 100000 Da. MS is often coupled with RP-HPLC
because the mobile phase must be volatile. Ideal flow rates
range from 1 uL min~'-20 uL min~! to allow the effluent time
to vaporize. As a result, HPLC-MS systems implement micro-
bore or capillary columns to split the output stream, %55l
They identify degradation products in wastewater treatment
and screen biomacromolecules. #9#! A variety of ion sources
and mass analyzers are available depending on the budget and
application. U
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3.4 | Light scattering

Light scattering devices detect the light deflected by matter.
The electromagnetic radiation travels through a non-uniform
medium, which changes its straight trajectory. Light excites
molecules and generates a temporary dipole that oscillates the
atoms. Molecules emit light in all directions as they return to
their ground state. The relative light intensity relates to the
Rayleigh factor (Ry), which is a measure of scattered radia-
tion. P!l Concerning the mobile phase, the excess R, relates
to the molecular weight, solute concentration, RI, and incident
light wavelength. This technique works for isocratic (constant
mobile phase composition) and gradient (varying mobile phase
composition) elutions.

Multi-angle laser light scattering (MALLS) measures scat-
tering at multiple angles; the total scattered light is directly
proportional to the sample’s concentration and molar mass.
MALLS coupled with UV and RI identifies the aggregation
status of samples, especially with proteins. 2

Evaporative light scattering detectors (ELSD) detect all
compounds that are less volatile than the eluent. The ELSD
sprays the effluent and heats the nebulized mist to evapo-
rate the mobile phase. The less volatile analytes flow through
a cell exposed to light. Droplet size is important. A larger
droplet requires a higher evaporation temperature but scatters
more radiation.?3 In contrast, a smaller droplet and thus a
lower evaporation temperature promotes crystallization of the
sample that increases sensitivity. The correlation between sig-
nal and sample concentration is logarithmic with ELSD; the
peak area depends on droplet size, solute properties, liquid-
and gas-phase flow rate, and temperature more so than solute
concentration.

Light scattering techniques are particularly handy when ana-
lyzing polymers with size exclusion chromatography (SEC).
Accuracy is high for molecular weights above 10000 Da but
this detection mode is not suited for values below 5000 Da. The
higher the molecular weight of the analyte, the more sensitive
the detector. At high molecular weight the LOD ranges from
1074 g-10%g.

35 |

Fluorescence detectors energize molecules to their excitation
wavelength (4., ) in the UV region and subsequently detect the
emitted radiation (4,,,) in the visible spectrum. Fluorescence
works best with benzene and its derivatives, and varies with
ring substitution. Common naturally fluorescent compounds
are hormones (e.g., estrogens), vitamins (e.g., vitamin A), phe-
nols, aromatic amino acids (tryptophan and tyrosine), flavins,
and toxins (e.g., aflatoxin).

Despite its sensitivity to mobile phase composition and pH,
fluorescence is 100-1000 times more sensitive than UV-Vis P4

Fluorescence
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and offers excellent selectivity and detection limits below
1 pg; it is the ideal technique to determine contaminants in
environmental and food samples. 2358

3.6 | Radioactivity

These detectors count the radioactivity of the solution contain-
ing the analyte as it flows through the cell of the device. Unlike
RI, radiochemical detectors are insensitive to variations in sol-
vent composition, which make them useful in gradient elution
analyses. Although this detection method is highly selective
ecause it only traces appropriately labelled molecules, it is
unpopular because of the contamination risk of the effluent.
owever, pharmacology adopts it to study the pharmacoki-
Onetics of tagged metabolites, such as hormone receptors in
cancer tissues or steroids. Radiochemical detection depends on
o che counting time, efficiency of the isotope label, and back-
round radiation. The LOD is expressed as disintegrations per
inute (dpm) and varies with the counting mode. Homoge-
H:::ous counting (i.e., liquid scintillation counting) is 10 times
ore sensitive than heterogeneous counting (i.e., solid scintil-
lation counting) (600 dpm versus 60 dpm). Kiffe et al provide
detailed study on radioactivity detectors for pharmacokinetic

studies via HPLC. >

e,

3.7 | Electrochemical
G)Electrochemical detectors apply a constant potential to elec-

roactive solutes and measure the current generated between
two electrodes. The amperometric detector is the most com-
@n type; the signal varies proportionally to the concentration
of 'analytes that oxidize or reduce. This technique is sensi-
ive (10711 2), selective, and only detects molecules that react
within the electrode working potential. It applies solely to
isocratic elutions because a variation of the ionic concen-
tration causes the baseline to drift. RP-HPLCs often adopt
mperometric detectors because they require electrically con-
uctive polar mobile phases that are inert and able to support
lectrolyte dissociation.
The detector (coulometric detector) converts and detects all
olecules that can undergo reaction when it is equipped with a
porous graphite electrode or at low flow rates. Electrochemical
detectors also identify ions (conductivity detectors) in the anal-
ysis of organic and inorganic ions eluting from ion-exchange
columns. These detectors apply a constant potential at the
flow cell and measure the current over time. Their sensitivity
rating is 107!% g, but they are non-selective. Electrochemical

methods effectively analyze complex biological molecules like
catecholamines (e.g., dopamine).
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4 | SAMPLE PREPARATION

A coherent sample preparation strategy ensures consistent,
reproducible, and reliable results, while maintaining the
integrity of the instrument. Samples must be compatible with
the HPLC unit and soluble in the mobile phase. The prepa-
ration of samples begins with collection, followed by storage
and work up. Complex samples require further derivatization
and/or dilution to improve the separation and resolution. Sam-
ple work-up procedures should be refined to reduce the number
of steps to ensure reproducibility and minimize errors.

We classify organic and inorganic samples as solids, semi-
solids (e.g., gels and suspensions), liquids, and gases. HPLC
requires liquid samples and therefore solid and semi-solid
compounds must be solubilized, possibly in the mobile phase.
Gas chromatography (GC) processes gaseous samples; how-
ever, when these samples are thermally unstable and condensi-
ble, HPLC is more reliable. Sample work-up varies with their
nature and characteristics. A general procedure is:

1. Fractionation (solid or liquid extraction, precipitation)
2. Solubilization

3. Concentration and desalting

4. Dilution

5. Particulate removal

Fractionation liquefies the sample, simplifies the mixture
so that the column separates within its capacity, and elimi-
nates contaminants that would influence the chromatographic
analysis(e.g., by binding to the stationary phase and altering
column selectivity %), Size reduction of solids (e.g., grind-
ing, milling) eases their dissolution in an appropriate solvent.
Ideally, the mobile phase dissolves the solid or semi-solid
material.

Solubilization often relates to stabilization. Integral mem-
brane proteins (IMPs) are hydrophobic species embedded in
the phospholipid bilayer of cell membranes. These ordered
structures contain hydrophobic and hydrophilic portions. They
agglomerate and precipitate, which disrupts the purification
process. Surfactants stabilize these structures by binding to
the hydrophobic domains of the IMPs and forming protein-
detergent micelles that are stable in aqueous environments. 11
If the sample needs further purification, dialysis, solvent
extraction, adsorption on resins, or affinity binding, remove the
surfactant to avoid detection interference (UV especially) and
to not damage the stationary phase.

Lyophilization, vacuum evaporation, or precipitation by pH
variation concentrates the samples that were diluted in the
range of the LOD of the detector.
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Centrifugation and sedimentation remove solids and semi-
solids from samples. However, the most common technique
is filtration. A lower porosity filter produces a cleaner filtrate
but increases processing time; in this case, vacuum filtration
is practical. Inadequate particulate removal reduces column
sensitivity and lifetime, damages injection valves and tubing,
and lowers accuracy. Particulate in the liquid sample increases
the background noise and induces peak tailing, which reduces
resolution. Moreover, false-positive peaks may occur. Tur-
bidimetry evaluates the effectiveness of the particulate removal
technique, particularly for aqueous samples. (94 Ultrafiltration,

@dialysis, reverse osmosis, and classical column chromatog-
raphy are other techniques that cater to samples, depending
n their characteristics. These also remove salt from proteic
samples as they hinder the elution in ion exchange columns.
O Snyder et al and Cunico et al provide a comprehensive set
@ pmmdof sample preparation techniques. %%

=
St | Dilution

oncentrated samples oversaturate the detector and generate
meaningless chromatograms. Moreover, concentration change
etween samples overloads the column from which peak
broadening arises, and thus, results in poor resolution. Dilu-
ion is the solution. Ideally, the mobile phase or a mobile-phase
ompatible solvent dilutes the sample. It can be by weight
or volume so long as the execution is constant across dilu-
Oﬁions. 1A it oth
| ) Micropipettes or graduated pipettes and volumetric flasks
are the simplest tools to dilute samples volumetrically. For
eight dilutions, a variety of analytical scales are available (
to kg). Dilution by parts is the standard. For example, in a
1-50 dilution, the analyte represents one part and the solvent
the remaining 49 parts. In other words, 49 mL of the mobile
hase dilutes 1 mL of analyte.

Diluted samples have higher resolutions (no peak broaden-
< "ng) because the column separates less. 3! However, the ana-
yte concentration must be higher than the LOD of the detector.
Samples with visible colouration (e.g., dyes with a high molar
extinction coefficient such as metanil yellow) require at min-
imum a dilution of 1-100 before injection in HPLC-UV sys-
tems. Otherwise, a 10X or 15X dilution is sufficient for clean
separation and resolution (Figure [3). Oftentimes, experience
guides dilution factors. We generally test various compositions
to get a sense of what dilutions are appropriate because each

chromatographic and detection mode require different levels.

4.2 | Pre-injection filtration

It is good practice to filter the processed samples before injec-
tion, regardless of the particulate removal step during the
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Diluted 1 to 10
Saturated

Signal (a.u.)

Diluted 1 to 50
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FIGURE 3 Analysis of 20 uL pectin sample extracted from
orange peel. Separation by Microsorb MV 100-5 C18 (250 mm
X 4.6 mm) column and water acidified with H,SO, to pH 2
at 28 °C with a flow rate of 0.5 mL min~'. Photo-diode array
detectors (DAD) detection at 210 nm

sample work-up. Otherwise, adsorbed species can block the
column so that even reverse-flushing with strong solvents can-
not unclog it. The selection of an appropriate filter is frequently
underestimated and creates impractical results. Companies
offer a copious amount of syringe filters. The nature of the
sample determines the syringe membrane material (Table [3))
whereas the volume determines the dimension of the filter
(Table[6).

Polytetrafluoroethylene (PTFE) membranes are hydropho-
bic and resist aggressive solvents (e.g., THF and DMSO);
they are universally applicable barring samples that con-
tain water. Polypropylene (PP) is a suitable option for rou-
tine analysis of water-based samples; it is hydrophilic and
resists acids and bases. Biological samples, like proteins, pre-
fer polyvinyldene difluoride (PVDF), regenerated cellulose
(RC), and cellulose acetate membranes for lack of binding
issues. Glass microfibers are effective to pre-treat heavily con-
taminated samples such as DNA from biological specimens.
Many companies provide online filter-solvent compatibility
charts, 04163

Common membrane pore sizes are 0.1um, 0.22pum,
0.45 um, 0.8 um, and 5 pm. 6%/

S | APPLICATIONS

HPLC is a workhorse of chemical engineering laboratories
that quantifies species’ concentration in the liquid phase (e.g.,
catalysis, water treatment, environmental, biomedical, biotech-
nology, and polymers); it is so common that rarely do we
mention it as part of keywords.!”! In 2019 Web of Science
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TABLE 5 Syringe filter membranes and recommended appli-

cations
Material Recommended Not recommended
Strong acids, Aqueous samples,
PTEE alcohol's, bases benz?fl alcohol,
aromatics, fluorine,
DMSO, THF diethylamine

p

ellulose
acetate

Glass
microfiber

Strong bases,
alcohols,

Aqueous solution,
biological samples,
proteins

High particulate
content

Acids, ketones,
esters,

PES . .
d) proteins, peptides halogenated HC
~ aromatic HC
< ) Bases, THF, Acids,
alcohols, DMSO, halogenated HC,
() H Nyl ) .
ylon aromatic HC, proteins
H common LC solvents
Alcohols, Strong acids,
PVDF weak acids, bases, esters,
proteins, peptides ketons, ethers
Acids, bases, Chloroform,
@ PP organics, chloromethane
aqueous samples
® RC Biomolecules, Strong acids,
H proteins, peptides chloroform, THF

Organic solvents,
strong acids,
halogenated HC

Benzyl alcohol

ore Collection (WoS), of indexed 8850 documents that men-
tioned HPLC in the Topic search query, only two were in the
Can. J. Chem. Eng.: “Adsorption for perfluorooctanoic acid
with graphitic-phase carbon nitride and its HPLC fluorescence
determination”, and “Photocatalytic degradation of dimethyl
sulphoxide by CdS/TiO2 core/shell catalyst: A novel measure-
ment method”. 298] There are the references to HPLC in 2016
and 2017 in the WoS in the field Topic, but 23 articles men-
tion it in the methods section of the Can. J. Chem. Eng. papers;
we apply HPLC an order of magnitude more than it is men-
tioned as a keyword. HPLC is. ! Perhaps as many as 100 000
studies employ the technique, but researchers in the analyt-
ical chemistry, food science & technology, pharmacology &

Acce
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TABLE 6 Syringe filter dimensions, pore size, and filterable
volume

Membrane diameter  Filterable volume

(mm) (mL)
4 05-1

10 or 13 <10
25 or 28 <25
30 or 33 <100

pharmacy, biochemistry & molecular biology industries, pub-
lish work with it most, as they mention it in 1789, 1493, 1389,
and 1152 articles, respectively. The top five journals in 2019
were Molecules, Food Chemistry, Journal Of Pharmaceuti-
cal and Biomedical Analysis, Journal Of Chromatography A,
and Microchemical Journal, with 320, 184, 146, 134, and 130
articles, respectively.

VOSViewer software generated a bibliometric map based on
the co-citations of keywords (Figure 4. The software iden-
tified four research clusters: the red cluster, centered around
in-vitro, oxidative stress, and purification has 36 keywords
(occuring in 5385 articles); the green cluster relates most to
extraction, pharmacokinetics, and human plasma and also has
36 keywords (occuring in 5888 articles); phenolics, flavonoids,
and acid dominate the blue cluster with 24 keywords that
appear in 4565 articles; and finally, the yellow cluster has two
keywords: optimization and RSM (response surface methodol-
ogy), and appears in 341 articles. The most popular techniques
were found based on this word map classification and on how
frequently they are mentioned in our sample: RP HPLC was
mentioned most (195 articles), followed by HPLC-MS (152),
HPLC-MS-MS (110), LC-MS-MS (102), LC-MS (97), and
HPLC-DAD (151).

The three most cited articles in 2019 deal with extraction of
acrylamide in food (green cluster, polymers and green synthe-
sis), /Y tert-butylhydroquinone and folic acid sensor (as this is
a type of phenol it belongs to the blue cluster and it mentions
graphene oxide and nanocomposites), ] and organic pollu-
tants degradation (green cluster, and it mentions nanoparticles
and photocatalysis). 72!

In chemical engineering, the hottest topics are similar:
nanocomposites, photocatalysis, and degradation. “Construc-
tion of heterostructured CuFe,O,/g-C;N, nanocomposite as
an efficient visible light photocatalyst with peroxydisulfate for
the organic oxidation”, "3l “Fabrication of Ag,VO, decorated
phosphorus and sulphur co-doped graphitic carbon nitride
as a high-dispersed photocatalyst for phenol mineralization
and E-coli disinfection”, 74 and “Rational design and synthe-
sis of hollow Co,0,@Fe,O, core-shell nanostructure for the
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IGURE 4 HPLC VOSviewer bibliometric co-citation map of keywords. The data base comprises the top 100 keywords of
8850 articles that mention HPLC in 2019. The largest circles, which represent the number of articles that mention HPLC,
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include phenolics (1017 including polyphenols) in the blue cluster, extraction (437 articles) in the green cluster, in vitro (366

d

e

catalytic degradation of norfloxacin by coupling with perox-

monosulfate”m, are the most cited articles, per respective

keyword. Multidisciplinary chemistry and applied chemistry

re the only two WoS categories that HPLC has in common

with the top categories that publish work in chemical engi-

Oneering. Of the 8850 HPLC articles, 263 articles are in

journals assigned to chemical engineering and another 2000

are in journals that relate to chemical engineering, such as

ultidisciplinary and applied chemistry. Although the HPLC

connection to the field is rather weak, the main keywords are
similar (Figure [3).

ep

6 | UNCERTAINTY

The IUPAC defines uncertainty as "parameter, associated with
the result of a measurement, that characterizes the dispersion
of the values that could reasonably be attributed to the mea-
surand". 77 Tt is the estimation of the degree of confidence in

This article is protected by copyright. All rights reserved.

articles) in the red cluster, and optimization (258 articles) in the yellow cluster, which only has two keywords. We excluded
PLC with 2206 articles as its size overwhelms the map and is redundant as all articles relate to HPLC. We also excluded
antioxidant (1196 articles) as it also takes up too much space, ID (564), LC (444), and performance (187). The smallest circles
epresent 79 articles (meaning that in 8850 articles these keywords appear in 79 independent articles) and include adsorption
and NMR in the red cluster and serum, pharmaceuticals, and capillary electrophoresis in the green cluster. The software assigns
colours to keywords that are related and positions them in close proximity

the results and represents the accuracy of an analysis. ) Uncer-
tainty plays a crucial role in the validation of chromatographic
methods and its assessment is necessary to provide accurate
results. Sources of error in an HPLC analysis include sam-
ple handling, incompatibility of injection solvent and mobile
phase, as well as the impurity and instability of analytes.
Flow rate fluctuations induce detector noise and create error in
peak height and area.

6.1 | Detection and quantification limits

Detectors can limit the response, where the response is the
rate of signal generated versus the concentration of the sam-
ple in the detector (sensitivity). Each detector has a threshold
of detectable quantity of analyte, which is expressed as LOD
and limit of quantification (LOQ). They relate to the signal-
to-noise ratio (S/N), where N is the variation of the output
signal (e.g., electronics, air bubbles, temperature, pumping).
The LOD is the smallest quantity of analyte discerned from the
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IGURE 5 HPLC VOSviewer bibliometric co-citation map of keywords for WoS categories that have the most synergy with
p y g ynergy
hemical engineering. The data base comprises the top 100 keywords of 8850 articles that mention HPLC in 2019. The
argest circles, which represent the number of articles that mention HPLC, include phenolics (245 including polyphenols) in the

blue cluster, extraction (437 articles) in the green cluster, in vitro (366 articles) in the red cluster, and optimization (258 articles)
in the yellow cluster, which only has two keywords. We excluded HPLC with 539 articles as its size overwhelms the map and
is redundant as all articles relate to HPLC. We also excluded antioxidant (380 articles) as it also takes up too much space, ID
174), LC (102), chromatography (58), and performance (58). The smallest circles represent 79 articles (meaning that, of the
8850 articles, 79 included these as keywords) and include adsorption and NMR in the red cluster and serum, pharmaceuticals,
Hand capillary electrophoresis in the green cluster. The software assigns colours to keywords that are related and positions them

ed

in close proximity

Dmise (actual peak) and the LOQ is the smallest amount quan-
tified with a certain level of confidence. ® Prior to 2012,
iterature reported that the signal for quantitative analyses be
10 times that of the noise (LOQ), whereas for qualitative work
he minimum detectable signal is 2-3 times the noise (LOD).

owever, Meyer et al demonstrated that repeatability with an

rror of +2 % (combination of injection, chromatographic sep-
ration, and integration of peaks) is only possible with a S/N
of at least 50.

The response factor (RF) is ratio between the signal gen-
erated by an analyte and its corresponding quantity. Each
molecule exhibits unique linear detector responses for a range
of concentrations. The upper limit of linearity varies by com-
pound as it relates to the specific parameter of detection (e.g.,
molar absorptivity for UV-Vis detectors). A RF slower than
the rate of change of solute in the detector flow cell distorts
the output chromatogram (broadening, tailing, flattening). For
accurate detection and quantification, the concentration of the
analyte(s) must be above the LOQ and within the linear range.
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If the concentration is below the LOQ, it is not possible to dis-
criminate between signal and noise. In this case, the sample
is too diluted and needs to be concentrated (e.g., evaporation).
If the concentration of the sample is above the linear range, it
needs to be diluted.

6.2 |

We calibrate the instrument by repeating analyses of a standard
multiple times from the same or different vials. Based on these
repeat runs, we calculate the mean and standard deviation. We
calibrate the method with multiple standards at a range of con-
centrations within the linear response range of the detector and
generate a calibration curve. ) The method standard is based
on the difference between the ensemble of the measured val-
ues and the best fit linear regression. The calibration of the
method refers to generating a curve that correlates concen-
tration and detector response.'ml For example, we measured

Calibration
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four concentrations of isoproturon (3-(4-isopropylphenyl)-1,1-
dimethylurea) three times in sequence: 6ugg™', 12.5ugg™!,
25ugg™!, and 50 ug ¢! (Figure[6). The sample standard devi-
ation for each of the four concentrations was s, = 0.0006, s, =
0.002,s; = 0.002, and s, = 0.3, respectively. These values
represent the instrument standard deviation. To calculate the
standard deviation in the calibration, we could either prepare
12 solutions (three solutions at each concentration) and then
calculate s; for each, or prepare four solutions and calculate s
from the calibration curve. The calibration curve reduces the
number of solutions to prepare by a factor of 3. We first derive
@the calibration curve based on the average of the three measure-
ments at each concentration. We ensure that the relationship is
Minear over the entire range for which the response, y;, is pro-
ortional to the measured concentration, x; plus a residual (or
Oeprror), e, 12541;
° H Yi =Byt Bix; +e )
We apply the method of least squares to fit the regression coef-
% lﬁcients P, (intercept) and f; (slope), then equate the sum of the
squares of the residuals to the difference between the regressed
oncentration, y; and the equation (Equation (E[)):

S8, = et =Y - ho— hix)* 6)
i=1 i=1
We then take the partial differential of Equation ( [) with
espect to f, f; and solve to get the regression coefficients:

a n
—S8S,=-2) ;= by — bix;) =0, @)
Q) ap, ; oA
H a n
=88, =2 Y (3 — by — Bix)x, = 0. (8)
Qﬂi "
difference between the response, y;, and the regression

quation, J;, varies from -0.42-0.27 (Table . and the sample
deviation of these four values is 5; = 0.4.

¢

TABLE 7 Isoproturon calibration curve

Acc

X Yi Si ¥i 5;
(ugg™") Response Regression y; — ;
6 11.12 0.0006 10.92 0.20
12.5 22.38 0.002 22.74 -0.36
25 45.06 0.002 45.48 -0.42
50 91.24 0.3 90.97 0.27

The variance of the mean of the calibration responses is
inversely proportional to the number of points of the calibra-
tion line. 152!

The most common method-calibration techniques are exter-
nal standardization and internal standardization. The external
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FIGURE 6 External standard calibration with isoproturon
(IPU). We prepared samples of IPU at four concentrations then
ran the HPLC with an autosampler sequentially. The standard
deviation at the lowest concentration was 0.0006. The standard
deviation of the measured values with respect to the fitted cal-
ibration curve is 0.4 % of the full scale reading. We assumed
that the intercept passed through the origin and so set §, = 0.
The insert is an expanded view of the lowest concentration to
better illustrate the error bars (n = 4)

standard (ES) calibration method generates a calibration curve
of the absolute analyte response against the concentration of
the analyte. This method is reliable when sample preparation
and injection volume errors are minimal. 83 When the analyte
is soluble and stable in the mobile phase and when the sample
work-up is simple, we adopt the ES method. 8% For optimal
results, the concentration of samples should fall in the range
of the standard solutions of the calibration curve, preferably in
the linear range.

For quantitative chromatography, the internal standard (IS)
method improves the precision of the analysis. This method
correlates the ratio of the analyte response to the response
of the IS with the ratio of the analyte amount to the IS
amount, 83531

The standard additions method (SA) is recommended when
the analyte is in a complex mixture, the matrix contains com-
ponents that interfere with the analyte signal, and the blank
sample is not available (e.g., biological fluids and soil sam-
ples). The SA method splits the sample in several even aliquots
and adds the analyte to each aliquot minus one (spiking).
The variation of the response between the sample and the
spiked samples relates only to changes in analyte concentra-
tion.?! The SA method is practical when the blank samples are
not available, and the concentration of the analyte is close to
the LOQ. Snyder et al. present a detailed chapter on method
calibration and validation %
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6.3 | Stationary phase

The adsorbent material of HPLC columns has intrinsic limi-
tations. Silica supports are efficient and selective but dissolve
when the pH of the mobile phase rises above 8, especially in
the presence of phosphates. Certain silicas are stable up to a
pH of 10 because of their preparation method and the presence
of impurities. 5]

Polystyrene (PS), methacrylate, and carbohydrate (e.g.,
agarose) polymeric supports are stable at a pH of 2-12.
However, their drawback is their limited pressure stability.
Agarose is hydrophilic but unstable at higher pressure; its

orosity depends on the solvent and pressure. In contrast, PS

resists up to 34.5MPa, but swells in water or alcohol.™"

O\/Iethacrylates are a compromise between hydrophobicity/hy-
. r]rophilicity and pressure resistance.

% 6.4 | Design of experiments (DOE)

nstrument: concentration of the mobile phase, C; flow rate, O;
and temperature (or define a temperature ramp) (Appendix [A])
. To optimize these parameters precisely requires a design of

xperiments (DOE), but in our group, we often rely on experi-
ence and a couple of tests to gauge the retention time and peak

fter selecting columns, mobile phase, detectors, and dilution
he final step in creating a method is to set the conditions of the

hape. Other parameters to consider include preparation, con-
centration, and sample stability. If a test only takes 15 minutes,

Hhen running a DOE might not save much time as it can take

a day to complete a DOE. However, in the case of lengthier
lyses, the time savings can be substantial; for example, our

U‘{PLC operates continuously and one of the programs takes 2

ours. In one year, we analyzed 700 samples, so if we could

C )have cut the run time in half, we would have saved 700 hours

one month). Reducing the run time by a factor of 2 certainly
justifies one week’s worth of tests to optimize the method.
We chose isoproturon (IPU) as our test compound to com-
lete a DOE, whose purpose was to identify the relation-
ship between three factors (temperature, flowrate, and solvent
oncentration) and two response variables (peak shape and
retention time). To ensure the DOE identified non-linear rela-
tionships and was capable of capturing interactions, we com-
pleted a full factorial with three levels for each factor. " This
design requires 33 tests (n = 27). Response variables that
vary linearly with factors require only two levels. In this case,
if response variables varied linearly with factors, the design
would only require eight experiments (n = 23 = 8). We
selected 0.2 mL min~!, 0.5 mL min—!, and 0.8 mL min~! for O;
20°C, 30°C, and 40°C for T; and 20 %, 50 %, and 80 % for
Cacn (Table[S). We repeated each run to have an idea of repro-
ducibility, so the total DOE consisted of 54 tests and it took
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all tests

3.8 4.0 42 44 4.6

FIGURE 7 Isoproturon (IPU) elution as a function of tem-
perature at the highest flow rate and the highest C,y. The 7
decreases slightly with increasing temperature, which is desir-
able, but reproducibility is poor at these conditions and the
peaks have extended leading edges and double peaks (shoul-
ders)

Test  Cypen T o
(vol%) (°C) (mLmin~!)

21 80 20 0.8

24 80 30 0.8

27 80 40 0.8

well over one week to complete. Experimental designs must
target a wide range of conditions in order to ensure that all
effects are captured. However, at times, too broad a range com-
promises the data quality, as it did in this case. The IPU eluted
at up to 120 minutes with low concentrations of acetonitrile
(ACN) (Cycn =20 %). So, we were forced to remove most of
the tests from the design.

Graphing the data is the first step in sorting out important
effects and it helps to identify anomalies like peak tailing and
shoulders. We have magnified the time scale of Figures 7-11
to better differentiate features of each peak that are masked
with an expanded time scale. The insert in the figures show
that five clusters of peaks appear symmetrical. However, sev-
eral peaks in Figure [7] have substantial shoulders as large at
the main peak. Most of the peak in Figure [§] are symmetri-
cal but some are sharp with a peak-width at half height of
0.2 minutes, while others extend over 0.5 minutes. Peaks in
Figure 0] are reasonably well defined, while in Figure 10, the
tail extends over 1 minute. Although we favour short reten-
tion times, both symmetry and reproducibility were poorest for
tests where fz < 5 min (Figure . These tests operated at the
highest flow rate and highest Cycy-

Symmetry was excellent with some tests in which f < 7
minutes; the peaks were broader and shorter with a higher
concentration of Ccy and lower Q (Figure [§).
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IGURE 8 Isoproturon (IPU) as a function of the highest flow
ate and medium C,y (tests 12, 15, 18) and the medium flow
ate and highest C - (tests 20, 23, 26). Increasing temperature
moderately reduces elution time. Test 15 is inconsistent with
his trend and we suspect that it is an outlier. Peak widths are
arrower (better) at the higher Cy and medium flow rates

cle

{1

Test  Cucn T o
(vol%) (°C) (mLmin™!)
12 50 20 0.8
15 50 30 0.8
18 50 40 0.8
20 80 20 0.5
23 80 30 0.5
26 80 40 0.5

all tests

14 11 15

-
g

pted Ar

-
——

IGURE 9 Isoproturon (IPU) elution as a function both
medium flow rate and Cyy (tests 11, 14, 17). Increasing tem-
perature moderately reduces elution time. Test 15 is definitely
an outlier as it is a factor of two higher than the repeat run
(Table 8] Figure 8). The peaks shapes are Gaussian with little
leading edge or trailing edge tails

5
S
=
S 5 Min 2
wn
o !
10.0 10.5 11.0 11.5 12.0 12.5
<C‘ "

Test  Cyen T (0]
(vol%) (°C) (mLmin™!)

11 50 20 0.5

14 50 30 0.5

17 50 40 0.5
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TABLE 8 Full factorial experimental design excluding exper-
iments 1-6 and 9 with retention times exceeding 80 min

Test Cyen T o iR Wip/t
(vol%) (°C) (mLmin~!) (min)
7 20 40 0.2 63.9 0.068
8 20 40 0.5 92 0.018
8 20 40 0.5 89.6 0.019
10 50 20 0.2 26 0.020
10 50 20 0.2 26 0.020
11 50 20 0.5 10.5 0.017
11 50 20 0.5 10.6 0.019
12 50 20 0.8 6.7 0.020
12 50 20 0.8 6.7 0.020
13 50 30 0.2 25.1 0.018
13 50 30 0.2 26.2 0.019
13 50 30 0.2 26.1 0.020
14 50 30 0.5 10.5 0.019
14 50 30 0.5 10.5 0.019
15 50 30 0.8 11.2 0.015
15 50 30 0.8 6.7 0.020
16 50 40 0.2 24.6 0.020
16 50 40 0.2 24.7 0.020
17 50 40 0.5 10.1 0.017
17 50 40 0.5 10.1 0.018
18 50 40 0.8 6.5 0.020
18 50 40 0.8 6.5 0.018
19 80 20 0.2 16.2 0.035
19 80 20 0.2 16.3 0.034
20 80 20 0.5 6.5 0.049
20 80 20 0.5 6.5 0.054
21 80 20 0.8 5 0.027
21 80 20 0.8 4.2 0.044
22 80 30 0.2 16.2 0.036
22 80 30 0.2 16.2 0.036
23 80 30 0.5 6.4 0.073
23 80 30 0.5 6.4 0.073
24 80 30 0.8 4 0.050
24 80 30 0.8 4 0.075
25 80 40 0.2 15.7 0.035
25 80 40 0.2 15.7 0.036
26 80 40 0.5 6.3 0.045
26 80 40 0.5 6.3 0.045
27 80 40 0.8 4 0.063
27 80 40 0.8 39 0.064

A linear statistical model with three factors has eight fitted
parameters:

IR = Bo+B X, +B8y%5+ 3353+ B4x 1 X+ 5 X1 X5+ Xy X3+ 7% X, X5
)
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DFIGURE 10 Isoproturon (IPU) elution as a function both low
ﬁﬂow rate and high Cqy (tests 19, 22, 25). Increasing tempera-
ture moderately reduces elution time by 1 min. The repeat runs
Oof Tests 22 and 25 are virtually identical to the first runs. All

P Hpeaks have a significant trailing edge

Test  Cyuen T 0]
(vol%) (°C) (mLmin™!)

19 80 20 0.2

0.2

0.2

non-linear statistical model with three factors includes sec-
@nd order terms and has 54 fitted parameters, which is cum-
ersome to work with. To reduce the number of parameters,

G)Ne identify factors that have no interactions and then delete

| ithese from the model. However, to quickly identify the major

22 80 30
25 80 40
b

contributions to the variance in the data, we apply a non-linear
ower-law model with four fitted parameters rather than 54:

tp = foChen T 0P (10)

®We first included the full data set to help identify outliers and
then confirm which to ignore based on the difference between
Othe predicted and experimental measurements. Typically, the
difference in retention times of repeat runs are less than 0.1
minutes. The difference in the 7 between the repeat runs in
xperiment 21 is 0.8 minutes and it is 4.5 minutes in exper-

iment 15 (Table [8). We rejected these two runs and so our

nal data set consisted of 35 tests. The best fit values of f;

and f; were -1. It is intuitive (obvious) that the retention time
decreases linearly with increasing liquid velocity. Less intu-

itive is how fy varies with C,cy. If we had known that both

these factors were linear, the number of experiments would

have been n =2 X3 X2 = 12 ratherthann =3 X3 X 3 = 27.

The best fit value for temperature was f, = —0.05. The plots in

the figures confirm that temperature only has a marginal effect

on fg compared to Q and Cy,cy, so we could also ignore this

This article is protected by copyright. All rights reserved.

10 13 13

all tests

Signal (a.u.)

24 25 26 27 28
t, min

FIGURE 11 Isoproturon (IPU) elution as a function both low
flow rate and medium C, ¢y (tests 10, 13, 16). Increasing tem-
perature moderately reduces elution time by 2 min. The repeat
runs of tests 10 and 16 are virtually identical to the first runs
but the repeat runs of test 13 vary by 1 min. The trailing edge
of these peaks are less pronounced than in Figure [I0] which
operated with a higher C,qy

Test  Cyen T o
(vol%) (°C) (mLmin™!)
10 50 20 0.2
13 50 30 0.2
16 50 40 0.2

factor and drop the number of experiments in the DOE to four
experiments (five including one repeat):

3
" G 0T o
This power-model advocates increasing flow rate and C,cy
to reduce ty, but the quality and reproducibility of the peaks
below 5 minutes is unacceptable (Figure [7). To identify the
optimal operating conditions requires us to examine another
parameter. For multicomponent systems, the obvious param-
eter is resolution (peak separation), but here we limited the
analysis to a single component. So, as an alternative we con-
sidered the ratio of the peak width at half the peak height to
the retention time to (W ,/tg). The peak widths below 7y <
4 minutes are narrower than at longer times, but this ratio is
higher, which is due to the shoulders and the extended leading
edge (Figure[7] tests 21, 24, 27). Tests 20, 23, and 26 (Figure[7)
have long trailing tails and consequently the ratio is also high.
Tests 12, 15, and 18 have approximately the same 5, but their
peaks are more symmetrical and as a consequence W/ ), /1y, is
half that of tests 20, 23, and 26. Tests 10 and 13 have the lowest
ratio but they also have the longest residence time.

IR R* =0.9995
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To identify the optimal peak shape, we again applied a
power-law model. The best fit exponent on C,cy Was 2, but it
was only 0.3 for Q, and negligible for T

I/Vl/ 2 03
e ACN
Finally, to establish optimal conditions for flow rate, con-
centration, and temperature, we combine Equations Eandrlz[,
differentiate with respect to each factor, and solve the set of
equations:

12)

I/1/1/2 0.26 C2 Q0'3
@y CACNQ ACN

d) f=aur+a ;
where a; and a, are weighting factors that we choose some-
hat arbitrarily. A first approximation would be to take the

Omeans over the truncated data set: @) = 7 and @, = W, /1g.
The equations to identify the optimum C,cy and Q are as

° Mfollows:
4_) o _

+0.1a, (13)

0.26

+0.20,C, o0 = (14)
OC CiCN 2%~ACN
0.26 Cacn
=—a + 0.03« =0 (15)
1 Cren©@? * Q07

Because the exponent of Cycy for Wy, /g equals 2, the

OE requires three levels. Our truncated design eliminated

all tests at Cycy = 20 %, which reduces the design to two

@evsls for C,cn» so the model is incapable of establishing the

mathematical optimum with this data set. Although Equation

12| has a high R?, it applies only to tests at C,cy = 50%

and 80 % (Figures [9] and [I0] ). The equation is inapplicable

t Cacn = 20% as it predicts that W, ), /tg is 1/5x the

Qexperlmental value. So, we caution against blindly applying
imization outside the range of the data.

ather than an optimization strategy, in practice, we choose

®0perating parameters (factors) that minimize f; for which the

eak shape (W] ,/1g) looks acceptable (no shoulders or tail-

Qpng). Tests 12 and 18 come out before 7 minutes and the peaks

are symmetrical and narrow (W , /tx = 0.02). Since it is eas-

Owr to work at ambient temperature versus heating the system,

e recommend the conditions of test 12 for the method. Ide-

ally, rather than retention time, the primary variable should be

esolution. The ideal full factorial design would be three levels

for C,cy and two levels for T and Q: 3 X2 X2 = 12+ 1 repeat

= 13 tests. We could reduce the number of tests from 13 to

seven with a partial factorial design with a generating function,

which is the product of the levels of two factors that we apply

to the third factor (Cycn X T for the conditions of Q—Table[J).

Because of the uncharacteristically long retention times at

Cacn = 20%, we increased its concentration in the final

design.
As a final confirmation exercise, we selected the maximum

and minimum conditions for Cycy and Q in a 2 X 2 facto-
rial design (50 % and 80 % for C,cy and 0.2 mLmin~! and

This article is protected by copyright. All rights reserved.

TABLE 9 Partial factorial design with a generating function
of Cyon X T for the conditions of Q, where + and - are the
maximum and minimum conditions for each factor and 0 is the
mid-point for Ccy

CACN T Q CACN T Q
(%) (°C) (mLmin™")
+ + +| 8 40 0.8
0 + +| 55 40 0.8
-4+ -] 30 40 0.2
+ - - | 8 20 0.2
0 - -] 55 2 0.2
- - +] 30 20 0.8

0.8 mL min~' for Q, respectively). The fitted parameters to the
power law model with this design were 2.6 and -1 for each of
the exponents on C,cy and Q, which is identical to those we
derived with the truncated data design with 35 tests. More-
over, we calculated the standard deviation between predicted
and experimental data for both designs and they were the same
at 0.1 minute. So, ignoring experimental blunders, the repeata-
bility of the retention time of IPU according to this method
is excellent and any deviation of a repeat run greater than 0.1
minute is suspect.

7 | CONCLUSIONS
HPLC is a flexible analytical tool applied in chemistry, biol-
ogy, medicine, materials, and chemical engineering. It is con-
stantly evolving to meet ever more demanding specifications
(drug testing for Olympic athletes, for example), from high-
throughput and high-resolution to flexibility and mechanical
robustness. These advances concern the development of inno-
vative stationary phases, such as core-shell or fused-core pack-
ings, or pellicular beads, that decouple the retentive distances
in the particle from the hydraulic distances between particles
for increased efficiency and permeability. 2l HPLC is versatile
and is often combined with other techniques. Recently, uncom-
mon hyphenated techniques such as LC-FTIR, LC-AAS, and
LC-NMR have emerged. HPLC’s adaptability has also pro-
moted the design of innovative analytical approaches. For
instance, Campisi et al and Ferri et al set up a LC technique
to determine the surface acidity/basicity of solid materials in
liquids. 882U

HPLC is a robust technique whose accuracy and repeata-
bility continue to improve. Operator oversight, such as apply-
ing solvents incompatible with the mobile phase/stationary
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phases, ineffective filtering (that introduces impurities), insuf-

ficient sonication, unstable samples, and inappropriate chro-

matographic detection modes and columns are among the most

common sources of error. These errors include baseline drift,

tailing, peak broadening, and retention time shift. Refractive

index detectors are more sensitive to temperature and pressure

variation than UV-Vis or radioactivity detectors. We anticipate

that reproducibility of the retention time is better than +1 %.

Calibration curve reproducibility is on the order of +0.5 %.

When repeat traces deviate by more than a couple percent,

standard practice is to run a third trace and average the two that

q)are closest. Other strategies to reduce errors include weekly

calibration with a standard solution (to identify column bleed-

Mng, or other physical damage to the column or the detector);

washing the column, injection syringe, and injection loop with
Oevery new system; and using new vials and syringe filters.

° H A literature review is the first step to develop a robust

| )method. Preliminary chromatograms assess which parameters

need optimization to improve resolution and minimize run

ime. Here we applied a full factorial DOE to identify the

ptimal flow rate, temperature, and mobile phase concentra-

tion. We showed that retention time is inversely proportional

o flow rate and C,y concentration while the peak shape

(tr /W) ,) varies with Cycy to the power of 2. Consequently,

the DOE requires at minimum seven experiments, or 13 exper-

@ments if we account for temperature (which has only a minor

contribution to the peak shape and retention time). The stan-

®dard deviation of the retention time for the complete set of

| )experiments was only 0.1 minute.

Qm NOMENCLATURE

AAS atomic absorption spectroscopy
ACN acetonitrile
C concentration (vol% in H,0)

column diameter (mm)
o d particle diameter (um)
DAD diode array detector
DMSO  dimethyl sulfoxide
ELSD  evaporative light scattering detector

ES external standard

F flow rate (mL min~!)

FTIR Fourier-transform infrared spectroscopy
HC hydrocarbon

HPLC  high performance liquid chromatography
1S internal standard

k retention factor

L length of the column (mm)

This article is protected by copyright. All rights reserved.

LOD limit of detection

MW molecular weight (g mol™")

MALLS  multi-angle laser scattering detector

n number of experiments

n; refractive index, dimensionless

0 volumetric flow rate (mL min~!)

N number of points

NMR nuclear magnetic resonance

PP polypropylene

PTFE polytetrafluoroethylene

PVDF polyvinylidene fluoride

r residual

R resolution

RC regenerated cellulose

RI refractive index detector

RP reverse phase

Ry Rayleigh factor

S residual standard deviation

SEC size exclusion chromatography

S/N signal to noise ratio

R retention time (min)

TFA trifluoroacetic acid

THF tetrahydrofuran

i; analyte flow rate (mL min~!)

iy mobile phase flow rate (mL min~")

UV-Vis  ultraviolet-visible detector

Wi peak width at half the peak height (min)
Greek Letters

a weighting factor (Equations ( and ID

AP pressure drop (Pa)

n viscosity (Pas™!)

€ molar extinction coefficient (m? mol~!)

As  cut-off wavelength (nm)

Aoy ~ €Xcitation wavelength (nm)

Aem  €mission wavelength (nm)
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<APPENDIX

A METHOD DEVELOPMENT

First thing to do: Check the literature! When the literature
methods are incomplete or absent, here is a list of items that
we address to develop it:

1. Identify sample and stationary phase properties

(a) Sample classification
i. Solid/liquid

ii. Physico-chemical properties (e.g., solubility)

This article is protected by copyright. All rights reserved.

iii. Stability (with respect to method and species
interactions)

(b) Stationary phase selection
i. Adsorbent material
ii. Particle size
iii. Pore size
2. Mobile phase components

(a) Solvent

(b) Composition

(c) pH and buffer

(d) Isocratic or gradient elution
3. Column conditions (resolution versus run time)

(a) Temperature

(b) Column length or multiple columns
4. Detector

(a) UV-vis

(b) RI

(c) Fluorescence

(d) MS

(e) Light scattering

(f) Radioactive

(g) Electrochemical
5. Injection

(a) Sample volume
(b) Dilution

(c) Filtration method
6. Verify the reproducibility of the method (n > 3)

7. Calibration (number of samples, repeats, concentration)

A literature review identifies prior studies and accelerates
the method development.

B ISOPROTURON CASE STUDY: HPLC-UV

The following example demonstrate a structured chromato-
graphic method to quantify the concentration of isoproturon
(IPU), a phenyl urea pesticide, during sonophotocatalytic treat-
ment of synthetic wastewater (20 mg L‘l). An HPLC-UV
monitored the concentration of IPU over time.

1. Identify the starting conditions
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FIGURE B1 Chemical structure of isoproturon (IPU)

(a) Sample classification: Isoproturon (IPU) or 3-(4-
isopropylphenyl)-1,1-dimethylurea.

i. Solid: White powder/colourless crystals.

ii. Physico-chemical properties: Soluble in
water; maximum solubility at 20°C is
70mgL~".

(b) Stationary phase selection: IPU is a polar aromatic
urea with 12 C atoms. The best columns are those
with a stationary phase similar to IPU (i.e., with
high carbon content). C8, C18, or phenyl columns
are ideal. We happened to have a Microsorb MV
100-5 C18 column in the lab and it worked. As
a general rule, verify if there are any available
columns in the lab before before purchasing a new
one.

i. Adsorbent material: Octadecyl-silica.
ii. Particle size: 5 um.

iii. Pore size: 10 nm.
2. Mobile phase components

(a) Solvent: Literature claimed that water and
methanol (MeOH) were appropriate solvents.
However, we had a flat line with mixtures of a
mass fraction of 20 %-60 % MeOH. Acetonitrile
(ACN) is an excellent solvent as it has a lower
cut off wavelength and a higher dipole moment
(190 nm, 0.60D) than MeOH (205 nm, 0.28 D),
and it is predominantly acidic (hydrogen bond
donor) contrary to MeOH which is predominantly
basic (hydrogen bond acceptor). ACN was our
functional alternative.

Accepted Article

(b) Mobile phase composition: 50 % in H,O.

(c) pH: Samples denaturate, ionize, and decompose.
Often, we adjust the pH of the mobile phase to
maximize stability and enhance resolution. Acidi-
fying the mobile phase with Si based columns, for
example, promotes hydrophobic interactions. For
our tests, we decided not to acidify the mobile-
phase as its pH was already a mildly acidic 5.
Excessive acidification (e.g., pH 2) broadened the
peaks of IPU and its byproducts, causing some
to elute simultaneously. The neutral form of a

This article is protected by copyright. All rights reserved.
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FIGURE B2 High performance liquid chromatography-
ultraviolet (HPLC-UV) analyses of isoproturon (IPU) at
0.2mL min~! and 20 °C. Elution by 80 % acetonitrile (ACN)
in water and 50 % ACN in water
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FIGURE B3 High performance liquid chromatography-
ultraviolet (HPLC-UV) analyses of isoproturon (IPU) at
0.5mL min~! and 30 °C. Elution by 50 % acetonitrile (ACN)
in water or 80 % ACN in water

molecule usually retains more than its ionic form
in RP columns.

i. Buffer: Over time, the pH of the mobile phase
remained stable. We concluded that buffering
was unnecessary.

(d) Polarity:

i. Isocratic vs. gradient elution: Older HPLCs
operate exclusively with
tion (constant mobile phase composition);
we operated at a constant flowrate of
0.5mL min~! in isocratic mode. Peak broad-
ening is higher at lower flowrates and as

isocratic elu-
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a result the resolution is poorer. Gradient
elution (varying composition of the mobile
phase) modifies the polarity throughout the
analysis and improves the separation, result-
ing in better resolution between IPU and the
byproducts.

3. Column conditions (length of analysis vs. resolution)

Signal (a.u.)

(a) Temperature: Peaks were asymmetrical at 20 °C.

Increasing the temperature to 30°C and 40°C
increased the resolution, making it sharp and well
defined (Figure [B4). Resolution improves with
higher temperatures at the expense of stability
(degradation rates increase with temperature). Our
optimal temperature was 30 °C.

L} L} L}
6 8 10

t, min

URE B4 High performance liquid chromatography-

ultraviolet (HPLC-UV) analyses of isoproturon (IPU) at
SmLmin~! and 20°C,30°C, and 40°C. Elution by 50 %

Cep

Ac

acetonitrile (ACN) in water

(b) Column length: Columns come in standard lengths

(250 mm and 150 mm, for example). Resolution
is better with longer columns but analysis time
increases. We selected a 250 mm by 4.6 mm col-
umn.

4. Detector

(a) Our HPLC system is equipped with UV-Vis and

RI detectors. Our test compound contains an aro-
matic ring, which absorbs UV light. Therefore,
we selected the DAD detector and set the detec-
tion wavelength at the maximum absorption wave-
length of IPU (240 nm, determined separately with
a spectrophotometer).

This article is protected by copyright. All rights reserved.

5. Injection

(a) Sample volume: 20 pL.

(b) Dilution: The maximum concentration before

reaction was 20 mg L™, The external calibration
indicated that our samples did not need dilution.

(c) Filtration method: 0.45 um polypropylene filters,

appropriate for aqueous samples containing CI-
free organics. The membrane diameter was 10 mm
as we filtered 2 mL of sample.

6. Verify the reproducibility of the method
(a) Reproducibility: Reproducible.
7. Calibration (Figure 6)

(a) Type of calibration: External.

(b) Number of samples: 4.

(c) Repeats: 3.

(d) Concentration: 50 mg L' down to 6 mg L™!; dilu-

tion 1 to 2.
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